ABSTRACT
Introduction
photosphere. The open magnetic field lines that connect an active region in the low corona to this 111 footpoint may spread apart with increasing altitude and cover an extended range of heliolongitudes 112 (Klein et al., 2008) . In all these cases SEPs can reach the spacecraft along magnetic field lines from 113 longitudes that would be characterised as being poorly-connected if the definition referred to the 114 nominal Parker spiral. The direct comparison between the rise of particle intensities at a spacecraft 115 and a signature of coronal activity gives physical meaning to the term "connection".
116
The UMASEP model for predicting well-connected events, called here WCP model, issues an 117 SEP prediction if at least one of the correlations between the proton intensities and the soft X-ray 118 flux is high, and if the associated X-ray burst is also strong. This approach has two limitations:
119
On the one hand the correlation between the rises of the X-ray emission and the SEP intensity 120 must not be coincidental. This is a hypothesis, which is validated by the success of the forecasting 121 procedure. On the other hand, the procedure works only when the solar activity is on the visible 122 disk. SEP events may be observed at Earth even when the parent activity is behind the solar limb. term "poorly connected" is misleading in those cases where parent activity behind the limb has a 131 magnetic connection to the terrestrial observer. This has to be kept in mind when employing the 132 conventional UMASEP nomenclature as described above.
133
The aforementioned scheme has been used to build several tools: UMASEP-10 (Núñez, 2011),
134
the first of these tools, predicts well-and poorly-connected SEP events > 10 MeV from soft X-ray 135 and proton fluxes; UMASEP-100 (Núñez, 2015) , a tool for predicting well-connected > 100 MeV
136
SEP events from soft X-ray and proton data; HESPERIA UMASEP-500 (Nuñez et al. 2017, in 137 preparation), a tool for predicting well-connected > 500 MeV events from soft X-ray, proton and 138 neutron monitor data. HESPERIA UMASEP-10mw, the tool that is introduced in the present paper,
139
is devised to predict SEP events with energies > 10 MeV from microwave and proton data. 2.2. UMASEP-10: the UMASEP scheme based on soft X-ray data
147
The magnetic connectivity estimation of the well-connected prediction (WCP) model is based on 
156
This approach tries to identify potential cause-consequence pairs of positive time derivatives.
157
A positive time derivative of the soft X-ray flux is analysed only if it exceeds a threshold h in 158 the interval from time step t − 1 to t. This threshold is set to eliminate triggering by background we can associate a time difference ∆t i j = time(i) − time(j) and an intensity difference of the protons
A cause-effect pattern between two measurements i and j is identified when a 171 sequence of pairs has very similar time differences and intensity differences, and when this situation 172 persists over a minimum duration d. To measure the similarity function s i j , where i and j are the 173 analyzed subsequences, we used an ad-hoc formula:
175
where w t and w J are weights of the similarity in terms of temporal and intensity differences, re-176 spectively; µ t and σ t are the average and the standard deviation of the time differences ∆t i j of the 177 pairs within a CCsequence; µ J and σ J are the average and the standard deviation of the intensity 178 differences of the pairs within a CCsequence; is a very small value used to avoid possible divi-179 sions by 0. All these parameters were manually tuned to augment the probability of detection (POD)
180
and reduce the false-alarm ratio (FAR 
193
The UMASEP-10 tool uses this scheme with soft X-ray and proton fluxes for predicting protons bremsstrahlung emission is usually rather weak (< 100 sfu 5 ) and has a spectrum that rises at fre-215 quencies around 5 GHz, to a flat peak at frequencies above about 9 GHz.The peak frequency varies 216 from event to event. Plasma emission is most clearly seen at the lower frequencies ( 3 GHz), and 217 usually has a very rapidly varying time profile.
218
Empirically it is known that the most intense microwave emission usually occurs during the rise 219 phase of the soft X-ray burst, and that its light curve mimics the time-derivative of the soft X- Multi-wavelength observations of a solar soft X-ray and radio burst are displayed in Figure 2 .
230
The emissions accompany the solar origin of a large SEP event, which was also detected at ground have the relationship with soft X-rays described by the Neupert effect.
247
The dynamic spectrum in the top panel of Figure 2 shows type III bursts from electron beams 248 between the high corona, at a heliocentric distance of the source at 10 MHz of about 3 R (e.g., refer to the two microwave frequencies as 5 and 9 GHz instead of 4.995 and 8.8 GHz.
266
The first calibration of UMASEP using microwave data was done using a set of thresholds that 267 was very similar to that using soft X-ray data; however, the results in terms of probability of de-268 tection (POD) and false-alarm ratio (FAR) were not satisfactory. We found that the use of similar 
276
This occurs much less often than a thermal X-ray burst, such that we did not need to impose a 277 threshold f within UMASEP-10mw.
278
We searched for an optimal configuration of the parameter l, thresholds h, m, d, and the weights to one objective than to the other. We decided to give equal importance to POD and 1 − FAR; 285 therefore, the weights are 0.5. To find a highly effective configuration of weights (not necessarily 286 the best one), parameters and thresholds, we used a multi-resolution optimization. That is, we first 287 searched the two optimal threshold configurations using low-resolution steps. For every configu-288 ration found, we applied a new search by using higher resolution steps in the neighbourhoods of 289 the solutions found in the previous step. The width of the new range for every threshold/weight (to 290 be optimized using higher-resolution steps) was a tenth of the original low-resolution width. We 
Illustration of an UMASEP-10mw forecast

348
We illustrate the forecast of the UMASEP-10mw tool using microwave data at 5 GHz for predict- shows the prediction at 18:05 (2012 July 12). This forecast is that an event will start during the 369 following two hours and reach a peak intensity of 36 pfu 9 (see white section "Automatic forecast").
370
Below the forecast section, the system also presents the model inference section, which shows that (2) The UMASEP-10's WCP model did not predict this event. Due to its gradual start, this event was predicted by UMASEP-10's poorly-connected event model. Table 1 . Forecast results for each of the SEP events that occurred from November 2011 to December 2012 and were considered as well-connected events, using soft X-ray (SXR) and microwave emission (5 and 9 GHz) as input to the UMASEP scheme. the successful predictions, and columns 8 to 10 list the result of the predictions in terms of "hits" and 384 "misses". Note that UMASEP-10mw (9 GHz) and UMASEP-10 have different results in the events 385 on July 17 and September 28: the results of UMASEP-10mw were a "miss" and "hit", respectively, 386 whilst the results of UMASEP-10 were "hit" and "miss". One event missed by the WCP model 387 (2012 July 07) was successfully predicted by the PCP model, which is not supposed to predict such 388 a well-connected event, and which is not applicable to UMASEP-10mw.
389
Taking into account the results in Table 1, Table 2 presents the forecast performance results in 390 terms of POD, FAR and average warning time using only the Well-Connected forecasting model 391 with microwave (5 and 9 GHz) or soft X-ray data. Probability of detection (POD) is the number of 392 the predicted SEP events divided by that of the SEP events that actually occurred, i.e. nine events 393 in the considered time interval. The false-alarm ratio (FAR) is the number of false predictions over 394 the number of predictions. Seven predictions were triggered when microwaves were used, and eight 395 with soft X-rays. An SEP event in the sense used here is an event where the proton intensity at 396 energies above 10 MeV exceeds 10 pfu. We note that the use of soft X-ray and microwave data 397 produces the same POD. The most notable difference is that the use of microwave data does not 398 UMASEP-10mw UMASEP-10 (5 GHz) (9 GHz) (SXR) Probability of Detection 77.8% (7/9) 77.8% (7/9) 77.8% (7/9) False-alarm Ratio 0% (0/7) 0% (0/7) 12.5% ( than the threshold f , the minimum X-ray peak flux (see section 2.2), and, consequently, it issued a 409 false alarm (see last column in Table 2 ). A microwave burst was also detected during this event, with initially high. Once we set a proper threshold h (i.e. to a value that is higher than the faint spurious 417 microwave events, but lower than the real microwave events associated to SEP events), the number 418 of false alarms abruptly decreased to 0, without sacrificing successful predictions (see second and 419 third columns of Table 2 ). This means that the threshold h could be lowered if the microwave data 420 quality were improved. Table 1 shows that one of the two SEP events missed by UMASEP-10mw was also missed by very short warning time, is also briefly discussed.
427
On 2012 Jul 07 a weak SEP event occurred with a peak intensity that barely exceeded the NOAA 428 threshold of 10 pfu. Although the parent activity near W 50
• suggests a magnetic connection to 429 the Earth, the particle intensity rose to its maximum slowly, during several hours, and in several 430 Fig. 6 . UMASEP prediction web page for 2012 July 07: the upper and lower panel show the SEP prediction using soft X-rays and microwaves, respectively. The success of the prediction using soft X-rays is due to the poorly-connected prediction scheme. The well-connected prediction scheme failed to forecast the SEP event.
steps, like during a poorly-connected SEP event. The UMASEP prediction web page is shown in microwaves predicted the SEP event on Sep 28 (Fig. 8, bottom panel) , unlike the thermal soft X-
451
rays. This success is due to the faster rise of the microwave profile, which generated a correlation 452 with the time derivative of the proton intensity above the similarity threshold s max , leading to a 453 correct forecast of an SEP event.
454
We finally discuss the large SEP event of 2012 May 17, which was successfully predicted by 
Summary and discussion
461
An experimental run of the UMASEP prediction scheme of the occurrence of SEP events was 462 presented, using microwave data as an identification of connection to a solar particle source. The 463 key findings for a thirteen months period from December 2011 to December 2012 are the following:
464
-The probability of detection is the same as in the traditional UMASEP scheme, where the deriva-
465
tive of the soft X-ray time profile is correlated with the SEP intensity.
466
-The false-alarm ratio is reduced to zero by the microwave data at both frequencies considered (5 467 and 9 GHz).
468
-The warning time obtained with the microwave light curves is slightly improved with respect to 469 soft X-rays (30.7 vs 26.4 min).
470
The forecasting scheme using microwaves fails when the microwave emission is thermal and forecasting, an empirical threshold must be imposed on the peak flux of the soft X-ray bursts to 480 discard the ubiquitous small events. This turns out to not be necessary for microwave bursts.
481
The comparatively rare occurrence of the microwave bursts probably explains the low false-alarm an automated prediction scheme of SEP events in an operational service.
490
Conclusions drawn here for the microwave emission probably pertain to hard X-rays, too. Hard
491
X-ray time profiles are known to be similar to the time profiles of gyrosynchrotron microwaves. 
501
The radio observations exploited in the present work are carried out with rather simple patrol 502 instruments, which monitor the whole Sun flux density using parabolic antennas with a typical size 503 of 1 metre. Such data are presently not provided in real time, but there is no technical obstacle to do 504 so. If a reliable calibration and stable and reliable antenna operations can be achieved, microwave 505 patrol observations will be a significant addition to our ability to predict the occurrence of SEP 
